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Neural pathways underpinning startle reflex and limb stretch reflexes evolved
independently and have served vastly different purposes. In their most basic form, the
pathways responsible for these reflex responses are relatively simple processing units that
produce a motoric response that is proportional to the stimulus received. It is becoming
clear however, that rapid responses to external stimuli produced by human and non-human
primates are context-dependent in a manner similar to voluntary movements. This mini
review discusses the nature of startle and stretch reflex interactions in human and
non-human primates and the involvement of the primary motor cortex in their regulation.
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Like all animals, humans have inherited most of our anatomical
structures and physiological functions from our ancestors. Some
of these we have retained largely intact and some we have modi-
fied from their original form to suit our own purposes. We have
also added some of own structures and functions that supersede
or regulate those we have inherited. The purpose of this review is
to discuss the contribution of stretch reflex and startle response
circuits to the flexibility of rapid postural responses in humans
and the possibility that rapid, goal-directed actions may be sub-
served by interactions between separate cortical and subcortical
neural circuits. The focus of the review is on the generation,
rather than the context-dependent modulation of these rapid
responses.
I will begin by defining rapid postural responses as being
muscular contractions that occur in response to an exter-
nal perturbation, detected by one or more sensory modalities,
and with a latency that is shorter than the most rapid vol-
untary response. This definition immediately raises the prob-
lem of how we determine that an action is voluntary and,
although it is a somewhat unsatisfying resolution, I will define
the most rapid voluntary actions as those that result from a
person being asked to make a predefined response as rapidly
as possible to a detectable, but not startling, stimulus. The
magnitude of the stimulus becomes critical in any discus-
sion of startle responses and we therefore arrive at a relative
definition of voluntary actions that will suffice for the pur-
poses of this review without being ideal. As I will discuss,
distinctions between voluntary and involuntary responses are
becoming blurred by discoveries about the flexibility of “invol-
untary” actions, and attempts to distinguish them may be
futile.
EVOLUTIONARY FUNCTIONS OF RAPID MOTOR REACTIONS
Rapid, “involuntary” postural responses are not unique to
humans. This type of motor action can be observed in early
chordates, such as lampreys (Currie and Carlsen, 1985), with
simple central nervous systems animals and even in animals
with no central nervous system, such as jellyfish and other
Cnidaria (Mackie, 1984). In these types of animals, the expres-
sion of rapid postural responses to startling stimuli often takes
the form of an escape reflex to avoid predators. While the goal
of these escape responses is consistent across a wide variety of
animals, the pattern of muscle activation required to facilitate
escape necessarily differs between animals with different body
morphologies. In short-bodied aquatic animals for example, the
escape response is characterized by all-or-none contraction of
the muscles on one side of the body, resulting in the assump-
tion of a C-type posture before contractions on the opposite
side of the body produce the tail flick required for a rapid get-
away (Eaton et al., 1977). In contrast, escape in long-bodied
teleosts is enabled by co-contraction of muscles on both sides of
the body, allowing rapid withdrawal of the head as the animal
assumes a flattened S-shape posture (Rock, 1980). The pattern
of muscle contraction required for this type of head withdrawal
changes with the posture of the animal, and it has been shown
that even larval lamprey have the capacity to modify the pat-
tern of muscle activity of the escape response to compensate
for changes in their initial posture (Currie and Carlsen, 1985).
Escape responses in teleost fish, and presumably most animals,
are also modified to account for differences in the location of
the threatening stimulus (Eaton and Emberley, 1991). The flex-
ibility of the escape response in even animals with simple ner-
vous systems demonstrates the important role of multisensory
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feedback for online adaptation of rapid postural and escape
responses.
Given the need for rapid predator avoidance in animals with
vastly different body types, the expression of these responses has
been necessarily altered to suit the sensorimotor requirements
of each anatomical form. Hale et al. (2002) have demonstrated
that the expression of escape behavior is not conserved even
across four species of fish with similar anatomy. The neural cir-
cuits mediating escape responses also appear to have undergone
evolutionary adaptation, although perhaps less so, as several char-
acteristics of the circuit have remained invariant. The need for
rapid conduction from the sensory organs that detect a threat
to the peripheral musculature that initiates escape appears to
have constrained the type of neurons involved in the escape cir-
cuit to have axons of particularly large diameter [described as
“giant fibers” in many animals] (Curtis and Cole, 1942; Mulloney,
1970; Eaton et al., 1977; Lingenhöhl and Friauf, 1992). These fast-
conducting cells are invariably located within the brainstem or
homologous hindbrain structure and often receive input from
multiple sensory modalities including the auditory, visual and
somatosensory systems. Even in mammals, who lack axons suf-
ficiently large to be labeled as “giant,” there exist populations of
cells within the ventrocaudal part of the nucleus reticularis pontis
caudalis with large soma and direct projections to the spinal cord
(Mitani et al., 1988) that have been implicated in rapid responses
to startling stimuli (startle reflexes) (Krasne and Edwards, 2002;
Cluff and Scott, 2013; Safavynia and Ting, 2013).
The stimulus-driven reflexes initiated by giant brainstem cells
can be suppressed or facilitated in a number of animals accord-
ing to moment-to-moment functional requirements. An example
of this type of reflex regulation can be found in the squid, which
acquires the capacity for startle reflex inhibition during develop-
ment to allow for the capture and consumption of small, fast-
moving prey (copepods) (Preuss and Gilly, 2000). If squid do not
encounter copepods in their environment during early develop-
ment they do not acquire the ability to suppress the startle reflex.
Similar types of startle reflex regulation, both inhibition and
facilitation, are demonstrated by crayfish (Krasne and Edwards,
2002) and rats (Prosser and Hunter, 1936). The function of this
startle reflex pathway has also been observed to change over an
evolutionary time scale in Tahitian moths that have evolved in
the absence of bats (Fullard et al., 2004). The startle reflex in
these moths has been modified such that responses to high fre-
quency auditory stimuli (similar to bat echolocation sounds) have
been substantially reduced, although neural circuit underlying the
startle reflex has been retained (Fullard et al., 2007). These exam-
ples demonstrate the potential for startle reflexes to be regulated
rapidly and reversibly as well as very slowly butmore permanently
in animals with relatively simple nervous systems compared to the
human nervous system. It is unsurprising then that the expression
of rapid postural reactions in humans appears to be regulated in a
manner that compensates for many postural and environmental
factors.
CONTRIBUTIONS OF STRETCH REFLEXES TO RAPID MOTOR
REACTIONS IN HUMANS
Humans are capable of producing rapid responses to large
somatosensory, auditory or visual stimuli. In the upper limb,
muscular responses to rapid stretch are detectable as early as
20ms after the stretch begins, this response is referred to as the
short-latency or myotatic stretch reflex (Liddell and Sherrington,
1924). If the muscle stretch lasts longer than 35ms (±5.5ms), a
second muscle contraction can be observed, beginning 50–60ms
after the onset of muscle stretch (Lewis et al., 2005), referred to
as the long-latency or transcortical stretch reflex. Both of these
responses are assumed to be involuntary because the fastest vol-
untary muscular responses to smaller stimuli of the same type
are initiated 90–100ms after the stimulus (Hammond, 1955). In
contrast to the short-latency stretch reflex, which is subserved
entirely by cells within the spinal cord and peripheral nervous sys-
tem, the long-latency stretch reflex appears to involve the primary
motor area of the cortex (Matthews, 1991; Shemmell et al., 2009;
Pruszynski et al., 2011) as well as other brain regions including the
cerebellum (Vilis et al., 1976; Strick, 1983). The role played by the
stretch reflex in postural maintenance and movement is not yet
clear and has been the subject of debate in the scientific commu-
nity for decades. Originally believed to be a mechanism by which
postural perturbations were corrected, it has since been demon-
strated that themuscle contractions produced by the stretch reflex
are insufficient for this role (Crago et al., 1976). On this basis it
has been argued that the purpose of the stretch reflex is to regu-
late muscle stiffness, and therefore limb impedance (Sinkjaer and
Hayashi, 1989; Carter et al., 1990; Kearney et al., 1997). Some of
the factors influencing the expression of the long-latency stretch
reflex however, suggest that either its role is more complicated or
that there are multiple mechanisms for postural regulation being
invoked. Some of the major factors influencing the long-latency
stretch reflex are outline below.
STABILITY OF THE LIMB AND ENVIRONMENT
Cortical regulation of the long-latency stretch reflex circuit
appears to imbue this response with the capacity for subtle,
task-appropriate modulation and coordination. For example, the
amplitude of the long-latency stretch reflex is larger during inter-
actions with compliant devices than those offering high levels of
stiffness (Doemges and Rack, 1992; Dietz et al., 1994; Perreault
et al., 2008). When environmental instability is greater in some
directions than others, the amplitude of the long-latency stretch
reflex in many muscles is greatest when the direction of great-
est environmental instability aligns with the direction of greatest
limb instability (Krutky et al., 2010). This reflex modulation
allows changes in arm stiffness to rapidly compensate for insta-
bilities in the environment (Kimura et al., 2006; Franklin et al.,
2007; Wagner and Smith, 2008; Ahmadi-Pajouh et al., 2012; Cluff
and Scott, 2013). That is, the long-latency stretch reflex appears
to be regulated according to the levels of stability simultaneously
offered by the environment with which one interacts and the
configuration of the limb with which those interactions are made.
BODY AND LIMB POSTURE
Long latency stretch reflexes in soleus and tibialis anterior mus-
cles have also been shown to be sensitive to changes in body
posture, being substantially greater during standing than when
lying supine despite equivalent levels of muscle activation in both
conditions (Nakazawa et al., 2003). The long latency postural
response in the upper limb also appears to be altered depending
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upon the amplitude and direction of postural perturbations at
limb segments distal to the recorded muscle (Kurtzer et al., 2008),
demonstrating that rapid postural responses are distributed to
muscles that have not been stretched or otherwise stimulated
and that expression of the long latency response reflects an
understanding of limb mechanics.
IMMINENT GOAL-DIRECTED MOVEMENTS
The long latency postural response, at least in the upper limbs,
is also modulated according to the voluntary goal of an upcom-
ing action (Pruszynski et al., 2008; Crevecoeur et al., 2013).
Hammond was the first to demonstrate that perturbations of
elbow posture could induce a response in the biceps brachii
50–60ms after the onset of the perturbation (Hammond, 1955)
that was alterable according to the intention of the participant
to assist or resist the perturbation (Hammond, 1956). Evarts and
colleagues were also able to demonstrate that pyramidal tract
neurons originating in the motor cortex become active well in
advance of such responses and that the firing rate of individ-
ual neurons was associated with the direction of the intended
movement (Evarts and Tanji, 1974; Tanji and Evarts, 1976). It
has since been shown that rapid perturbations of limb posture
can hasten whole patterns of muscle activity that are appropriate
for an intended movement, beginning at the time associated with
the long-latency stretch reflex but also involving non-stretched
muscles (Koshland and Hasan, 2000). Similarly, task-specific pat-
terns of muscle activity have been observed in response to limb
perturbations when the direction of the required response is
unpredictable prior to the perturbation (Pruszynski et al., 2011;
Omrani et al., 2014). The release of task-specific patterns of mus-
cle activity has led to confusion as to whether the long-latency
stretch reflex is a regulator of limb impedance to minimize pos-
tural disturbances (reaction) or whether it also plays a role in
movement planning (action).
Some investigators have suggested that some of the confusion
about the role of the long-latency stretch reflex may be caused
by the superposition of two reflexive responses, one regulating
limb impedance and one involved in the preparation and release
of motor plans. Based initially on similarities in the timing of the
long-latency stretch reflex and the startle response in many mus-
cles, it has been suggested that activation of the startle response
circuit may be responsible for releasing planned motor actions
(Valls-Solé et al., 1999; Rothwell et al., 2002).
CONTRIBUTIONS OF STARTLE RESPONSES TO RAPID
MOTOR REACTIONS IN HUMANS
For many animals, the neural circuit underlying responses to
startling or immediately threatening stimuli involves connec-
tions from a number of sensory receptor systems onto large,
rapidly conducting neurons in the brainstem (Mittenthal and
Wine, 1978; Ritzmann and Camhi, 1978; Koto et al., 1981). This
also appears to be true for humans, with the nucleus reticularis
pontis caudalis identified by anatomical and electrophysiological
studies as the most likely site at which auditory, vestibular and
somatosensory stimuli summate to trigger the motor portion of
the startle response (Davis et al., 1982; Lingenhöhl and Friauf,
1992; Yeomans and Frankland, 1995; Yeomans et al., 2002). In
humans, triggering the startle response at rest with a loud audi-
tory stimulus produces activity in many muscles throughout the
body, almost always including both the orbicularis oculi (OO)
and sternocleidomastoid (SCM) and with predominant flexor
activity in limb muscles (Landis and Hunt, 1939). This pattern
of muscle activity is altered radically when a startling auditory
stimulus is applied before, or coincident with, a prepared vol-
untary action (Valls-Solé et al., 1999; MacKinnon et al., 2007;
Ravichandran et al., 2013). When an action has been prepared,
the pattern of muscle activity evoked by a loud auditory stimulus
closely resembles that of the prepared movement, while also often
involving activation of the OO and SCMmuscles (Valls-Solé et al.,
1999; Ravichandran et al., 2013). The major difference between
prepared actions that are triggered by innocuous or startling
auditory stimuli is the latency of the response, with startling audi-
tory stimuli triggering the initiation of prepared forearm actions
around 100ms earlier than low volume stimuli (Valls-Solé et al.,
1999). A similar hastening of prepared actions, with associated
OO and SCM activity, has also been observed following rapid
joint perturbations (Ravichandran et al., 2013) and whole-body
postural perturbations (Campbell et al., 2013; Safavynia and Ting,
2013), confirming that rapid goal-directed responses: (i) are trig-
gered by the same sensory modalities as startle responses, (ii) are
initiated at the same time in limb muscles as startle responses and
(iii) activate the muscles essentially involved in startle response
expression (OO and SCM). This is consistent with the idea that
auditory, vestibular and somatosensory inputs to the reticularis
pontis caudalis are capable of activating startle circuitry and
triggering rapid postural responses that resemble their volun-
tary counterparts. The electromyographic evidence accumulated
to date therefore supports the involvement of the neural circuit
underlying the startle reflex in the rapid expression of flexible pos-
tural responses to startling stimuli. This response has been termed
the startReact response. An important caveat to this however, are
observations that postural adjustments made prior to stepping
can also be released early by non-startling stimuli (Delval et al.,
2012), the likelihood of early release being related to the strength
of the stimulus. This suggests a system of (at least) two response
pathways in which the faster pathway is more likely to be engaged
as stimulus strength increases.
Given similarities in the timing of long-latency stretch
reflex and startReact expression in many muscles (long latency
stretch reflex onset ∼57ms, Lewis et al., 2005 and startReact
onset ∼73ms, Ravichandran et al., 2013), temporal overlap of
the two reflexes could explain the wide variety of conditions
under which the magnitude of “involuntary” postural responses
is observed to change. While the evidence for temporal overlap
of two “involuntary” responses is now strong following auditory,
somatosensory and vestibular stimuli (Alibiglou andMacKinnon,
2012; Nonnekes et al., 2014), the neural basis for this type of
superposition remains a source of debate. A number of investiga-
tors have suggested that cortically-initiated preparation for action
alters the state of the startle circuit in a manner that results in the
full expression of a planned action when the startle circuit is sub-
sequently activated (Rothwell et al., 2002; Shemmell et al., 2009).
An anatomical substrate for this type of cortical regulation of star-
tle circuits exists in the form of dense disynaptic connections from
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the primary motor cortex to the reticularis pontis caudalis via the
zona incerta (Shammah-Lagnado et al., 1987). Tanji and Evarts
have also provided evidence that pyramidal tract neurons within
the primary motor cortex change their firing rate during move-
ment preparation as soon as an upcoming movement is identified
(Tanji and Evarts, 1976), providing a signal capable of altering
startle circuit excitability. Unfortunately, a definitive investigation
of links between motor cortex activity and that of cells in areas of
the reticular formation that have been implicated in the startle cir-
cuit has not yet been carried out during movement preparation.
The effects of transient primary motor cortex inhibition however,
have provided some interesting insights into interactions between
cortical and brainstem centers involved in startle and startReact
responses.
Inhibiting the primary motor cortex with transcranial mag-
netic stimulation (TMS) during the period in which a startReact
response would be observed has produced varying effects on
muscle activity. In some studies, startReact responses are clearly
delayed by the cortical stimulus (Alibiglou andMacKinnon, 2012;
Stevenson et al., 2014), suggesting a critical involvement of the
motor cortex in the generation of the startReact response. Several
researchers have proposedmodels for the circuits underlying star-
tle and startReact responses (Carlsen et al., 2011, 2012; Alibiglou
and MacKinnon, 2012) in which startling auditory stimuli are
transmitted to the primary motor cortex where they trigger the
activation of cells that are biased toward producing a prepared
movement. The proposed model describes separate pathways for
startle and startReact responses, with the latter being dependent
upon the same cortical output neurons as voluntary commands.
This model fits previous accounts of preparation-dependent
activity of motor cortical output neurons (Tanji and Evarts, 1976)
and accounts for similarities in preparation-dependent modu-
lation of long latency stretch reflexes and startReact responses
(Kimura et al., 2006; Pruszynski et al., 2011; Spieser et al., 2013;
Stevenson et al., 2014). The reliance of startReact responses on
a transcortical pathway may also explain observations that pre-
pared actions can be triggered early by non-startling stimuli
(Delval et al., 2012). There have been at least two observations,
however, of prepared actions being released within a period of
cortical inhibition sufficiently powerful to suppress all volun-
tary activity in a target muscle (Shemmell et al., 2009; Spieser
et al., 2013), a combination of events that would not be pos-
sible if startReact responses and voluntary motor actions were
dependent on the same set of corticospinal tract neurons. These
observations are more consistent with models of startReact that
emphasize the contribution of subcortical structures (Valls-Solé
et al., 2008).
It may be possible to account for the release of prepared actions
within a period of cortical inhibition with a model that attributes
the release of these actions to startle circuitry in the brainstem
(Figure 1). The proposed model has the benefit of removing
the separation between startle and startReact responses, instead
explaining both responses as the result of subcortical “startle”
circuits, explaining why cortical inhibition longer than 100ms
(Shemmell et al., 2009; Spieser et al., 2013), stroke (Honeycutt
et al., 2015) or pathological degeneration of the corticospinal tract
(Nonnekes et al., 2014) do not eliminate startReact expression.
This model includes well-described transcortical sensorimotor
pathways that provide the capacity for transcortical reflex trans-
mission and the generation of longer latency task-specific actions.
Factors such as the magnitude of the sensory stimulus and
the predictability of the required response may determine the
likelihood of motor actions being initiated within the reticular
formation.
The delaying effect of TMS on startReact responses is
accounted for in the model with evidence that TMS of motor
cortical cells also has inhibiting effects on cells within the retic-
ular formation. A period of prolonged inhibition (up to ∼90ms
following a stimulus) of reticular formation neurons has been
described by Fisher et al. (2012) following TMS of the primary
motor cortex in monkeys. Interestingly, experiments in which
startReact responses are preceded by TMS (Shemmell et al., 2009;
Alibiglou and MacKinnon, 2012; Spieser et al., 2013; Stevenson
et al., 2014) show the startReact response initiated ∼100ms
after the TMS pulse, shortly after the putative release of inhibi-
tion within the reticular formation. The TMS-induced inhibition
within the reticular formation would presumably be limited to
neurons influencing the same muscles as the stimulated corti-
cal neurons, explaining why activation of muscles innervated
by facial nerves (SCM and OO) is not delayed by stimula-
tion within the motor cortex representation of the upper limb
(Stevenson et al., 2014). Further support for the idea that startRe-
act responses are released through reticulospinal projections is
offered by evidence that these responses are absent in individu-
ated finger movements despite being present in more proximal
muscles (Carlsen et al., 2008; Honeycutt et al., 2013). This may
relate to the paucity of reticulospinal projections to distal muscles
of the upper limb (Riddle and Baker, 2010). Finally, evidence that
startReact responses are not amenable to pre-pulse inhibition,
as startle responses are, may still suggest separate pathways for
these responses (Valls-Solé et al., 2005, 2008), but this difference
may also be explained by the higher attentional demands of task-
specific preparation compared to a resting situation (Maslovat
et al., 2012). The proposed model for these responses relies on
the latter explanation but in doing so, describes a relatively sim-
ple system that is consistent with the sustained reliance upon giant
brainstem neurons for rapid adaptive responses of a wide range of
animal species.
CONCLUSION
Despite being two of the most primitive and fundamental mech-
anisms for movement initiation, the purpose of the stretch reflex
and startle response remains unclear in humans. Behavioral
advantages provided by the ability to release prepared movements
rapidly appear to have led to a control system in humans in
which voluntary and involuntary response mechanisms overlap
substantially. I suggest a number of modifications to a previous
model of startle-inducedmovement release (startReact) involving
both transcortical and subcortical pathways for sensory process-
ing, with the transcortical pathway sharing output neurons with
the transcortical stretch reflex and voluntary motor system. I
suggest that transcortical pathways have evolved to provide enor-
mous flexibility of control, complementing less flexible but faster
subcortical motor pathways. Together, these motor pathways blur
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FIGURE 1 | A proposed model for the neural pathways subserving the
expression of long latency stretch reflexes, startle and startReact
responses. Transcortical contributions to long latency stretch reflexes are
enabled by a pathway that involves the primary somatosensory and motor
cortices before descending to muscles through the corticospinal tract (white
arrows). Stimulation of somatosensory, vestibular or auditory systems results
in transmission of these signals to the cortex and the pontomedullary
reticular formation (blue arrows), each of which have thresholds for activating
output cells. Inhibition of the primary motor cortex (or areas involved in
movement preparation) by application of suprathreshold TMS (orange arrows)
results in almost simultaneous inhibition of cells within the spinal cord and
PMRF, although for different periods of time. Spinal motoneurons appear to
be inhibitied for ∼50ms after TMS, while cells within the PMRF are inhibited
for ∼90ms in non-human primates. Output cells within the motor cortex
however, can be inhibited for up to 200ms (Strick, 1983). During periods of
cortical inhibition, activation of the corticospinal tract is not possible, although
a combination of cortico-reticulospinal input (black arrows) and sufficiently
large sensory input can still activate reticulospinal tract cells (red arrow) after
any TMS-induced inhibition of PMRF ceases. The likelihood of PMRF output
(startle or startReact responses) is determined in this model by the
magnitude of the sensory input and the instantaneous excitability of PMRF
cells. A similar situation is likely to exist at the cortical level (see Alibiglou and
MacKinnon, 2012). Task, posture and stability-dependent regulation of stretch
reflex and startReact responses likely involves input from the cerebellum to
both the primary motor cortex and reticular formation (gray arrows). In this
figure thalamocortical projections to regions responsible for voluntary motor
preparation, but projections directly to M1 may also play an important role in
modulating rapid responses. Output nuclei and detailed information about
synapse locations for each pathway have been omitted from this figure. M1,
Primary motor cortex; SMA, supplementary motor area; PMRF,
pontomedullary reticular formation; ISF, intersensory facilitation; MN,
motoneuron.
the boundaries between involuntary and voluntary motor control
and provide us with the capacity to respond rapidly to envi-
ronmental stimuli in a highly flexible and context-dependent
manner.
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